Time-lapse fluorescence confocal microscopy was used to directly visualize the formation and dynamics of postsynaptic target structures (i.e., dendritic branches and spines) on pyramidal neurons within developing hippocampal tissue slices. Within a 2 week period of time, pyramidal neurons in cultured slices derived from early postnatal rat (postnatal days 2-7) developed complex dendritic arbors bearing numerous postsynaptic spines. At early stages (1-2 d in vitro), many fine filopodial protrusions on dendrite shafts rapidly extended (maximum rate ϳ2.5 m/min) and retracted (median filopodial lifetime, 10 min), but some filopodia transformed into growth cones and nascent dendrite branches. As dendritic arbors matured, the population of fleeting lateral filopodia was replaced by spine-like structures having a low rate of turnover. This developmental progression involved a transitional stage in which dendrites were dominated by persistent (up to 22 hr) but dynamic spiny protrusions (i.e., protospines) that showed substantial changes in length and shape on a timescale of minutes. These observations reveal a highly dynamic state of postsynaptic target structures that may actively contribute to the formation and plasticity of synaptic connections during CNS development.
Establishment of axodendritic synaptic connections within the mammalian CNS necessarily involves growth and contact of afferent axons and target cell dendrites. Growing axons often must traverse long distances and complex pathways to arrive at appropriate target regions, where individual axons subsequently engage a large number of potential target cells. With the advent of vital fluorescence staining and time-lapse imaging methodologies, the dynamics of axon growth and guidance in situ has been investigated intensively (Harris et al., 1987; O'Rourke and Fraser, 1990; Kaethner and Stuermer, 1992; Mason and Godement, 1992; Chien et al., 1993; Sretavan and Reichardt, 1993; Dailey et al., 1994; Halloran and Kalil, 1994; O'Rourke et al., 1994) . Such studies have greatly elucidated the dynamic behavior of axons, and especially their growing terminals (i.e., growth cones), as they extend toward and grow into their target regions. A common theme is that growing axons explore their pathways and target regions by elaborating many dynamic, often transient protrusive filopodia and branchlets. Such highly protrusive behavior appears to be essential to the axon's ability to pathfind and locate appropriate target cells (for review, see Bentley and O'Connor, 1994; Kater and Rehder, 1995) .
Much less is known about the dynamics of postsynaptic target structures during developmental periods of targeting and synaptogenesis. Based on analysis of static images of fixed tissue taken from various regions in the nervous system, it is clear that target dendrites undergo a rather stereotypical sequence of morphological maturation concomitant with axon ingrowth and synaptogenesis (Morest, 1969a,b; Minkwitz and Holz, 1975; Minkwitz, 1976; Berry and Bradley, 1976a,b; Lund et al., 1977; Miller and Peters, 1981; Pokorny and Yamamoto, 1981; Phelps et al., 1983; Ramoa et al., 1987; Ulfhake and Cullheim, 1988) . This dendritic maturation typically involves appearance of growth cones and fine lateral filopodia on dendrite shafts, coinciding with the elaboration of new dendritic branches. Subsequently, spine-like protrusions appear at virtually all sites of excitatory synaptic contact on dendrites. As development proceeds, stage-dependent differences in the morphology of dendritic spine-like protrusions are often observed (Purpura, 1975; Harris et al., 1989; Papa et al., 1995) . Although these studies indicate that the structure of target dendrites evolves during developmental periods of synaptogenesis, the precise structural changes underlying the formation and plasticity of individual postsynaptic elements, especially the specialized postsynaptic spines, have remained poorly defined.
To elucidate in more detail the dynamics of dendrite growth and differentiation as they occur within a CNS tissue environment, we developed means for direct time-lapse visualization of growing neuronal dendrites in live, developing brain slice preparations. We examined hippocampal tissue derived from early postnatal rat at a stage when dendritic arbors of pyramidal cells are increasing in complexity and are studded with lateral filopodia and growth cones, but still lack classical dendritic spines (Minkwitz and Holz, 1975; Minkwitz, 1976) . This stage is also characterized by a high rate of synaptogenesis (Bliss et al., 1974; Amaral and Dent, 1981; Buchs et al., 1993) . We followed the progression of changes in dendrite structure and dynamics over a 2 week period of time as synaptic connections were forming with dendrites in developing brain slices in vitro. The development of dendritic structure was found to involve dynamic activities that varied with the state of differentiation. At early developmental stages, many filopodia and protospines actively protruded from dendrite shafts into the sur-rounding tissue. Postsynaptic spine-like structures that appeared subsequently were more stable, but there was nevertheless a low level of spine turnover. It seems likely that the active protrusion of dendritic filopodia and protospines during early synaptogenic periods may help initiate synaptic contacts, and that turnover of relatively stable dendritic spines at later stages may contribute to changes in the number or function of synaptic connections.
MATERIALS AND METHODS

Preparation and labeling of tissue slices
Hippocampal tissue slices were prepared from postnatal day 2 (P2) to P7 rat pups and cultured briefly (1-2 d), or slices derived from P5-P7 animals were cultured for up to 2 weeks, as described previously (Gäh-wiler, 1984; Dailey et al., 1994) . We confined our observations to developing tissue slices prepared from neonates (P7 and younger animals) because (1) hippocampal slices derived from older animals do not remain viable for long periods of time under such in vitro conditions (Gähwiler, 1988) , and (2) at later developmental stages, the tissue isolation procedure is likely to significantly perturb target cells by deafferenting (i.e., removing axonal inputs to) dendrites and thereby altering the dynamics of postsynaptic structures. It is well established that axons of intrinsic neurons continue to develop and form synaptic contacts with pyramidal cell dendrites when hippocampal slices are derived from neonates (LaVail and Wolf, 1973; Gähwiler, 1984; Buchs et al., 1993; Muller et al., 1993; Dailey et al., 1994) .
To prepare tissue slices, neonatal rats were killed according to institutional guidelines, and hippocampi were removed and transversely sliced (400 m thick) using a manual tissue chopper (Stoelting). Slices were attached to alcohol-cleaned glass coverslips (11 ϫ 22 mm) with a mixture of chicken plasma (10 l; Cocalico) and bovine thrombin (10 l; Sigma, St. Louis, MO). The slices were adherent within ϳ10 min, at which point the coverslips were placed in a test tube with 1 ml of 25 mM HEPESbuffered culture media containing 25% serum. The tubes were kept in a warm room (37ЊC) and rotated at 12 revolutions/hr in a roller drum tilted at 5Њ with respect to horizontal (Gähwiler, 1984) .
To label dendritic arbors of neurons in live tissue slices, cells were stained with a long-carbon-chain fluorescent membrane dye, DiIC 18 (3) [DiI] (Honig and Hume, 1986) , or the red-shifted DiIC 18 (5) [DiD] (Agmon et al., 1995) (both dyes from Molecular Probes, Eugene, OR). Use of the longer wavelength dye, DiD, provided superior images of cells and dendrites located deep within the tissue, presumably because of reduced tissue scatter of red light (see Pawley, 1995) . For acutely prepared slices, a 0.5% solution of dye in N,N-dimethylformamide (Sigma) was pressure-injected into the stratum oriens in area CA3 or CA1. Dye solution was delivered using a Picospritzer (General Valve, Fairfield, NJ) to present a series of brief pressure pulses (1 msec duration, 80 psi) to the back of a glass micropipette (2-3 m tip diameter). After dye injection, slices were returned to the roller drum for a brief period to permit cellular uptake and diffusion of dye. Slices were labeled and examined within 2-24 hr after isolation from the brain, or they were cultured for 1-2 weeks to permit in vitro tissue development (LaVail and Wolf, 1973; Gähwiler, 1984; Dailey et al., 1994) before labeling and imaging. The cultured slices become somewhat thinner over time (ϳ100 m thick at 2 weeks), and such slices were labeled by inserting and breaking off the tip of a glass micropipette coated with dye crystals. In some cases, slices were chemically fixed (2% formaldehyde in PBS) after 2 weeks in culture, then labeled with dye. Such fixed slices were maintained at 4ЊC for 4 -8 weeks to permit adequate labeling and diffusion of the dye.
Confocal fluorescence imaging
Confocal fluorescence microscopy permitted high-resolution, threedimensional imaging of neuronal structure up to 120 m deep within the tissue slices. For time-lapse microscopic observation (Smith et al., 1990; Dailey, 1996) , tissue was mounted in a perfusion chamber with culture media or saline and placed on the stage of a confocal microscope heated (35ЊC) with forced air. Tissue was continuously superfused (10 -20 ml/hr) with media or saline. Imaging was performed using one of two custombuilt, laser-scanning confocal microscopes designed by S.J.S. The 514 nm line of a 25 mW argon ion laser (Ion Laser Technology) was used for illumination when imaging the conventional form of DiI. To image neurons labeled with the longer wavelength dye, DiD, a 15 mW red helium/neon (HeNe) laser (HWK Laser) was used. The detector was a gallium/arsenide photomultiplier tube with a circular aperture placed in front to reject out-of-focus light. Microscope objectives used were a dry 20ϫ numerical aperture (NA) 0.75 (Nikon), an oil-water-glycerin 25ϫ NA 0.8 (Zeiss, Thornwood, NY), and an oil-immersion 40ϫ NA 1.3 (Olympus). To clearly resolve small dendritic filopodia and spines, image data typically were collected at an additional electronic zoom factor of 2-3. The cells we examined were located 15-120 m below the surface of the tissue slice. Because dendritic processes extended in three dimensions within the thick tissue slices, we usually collected multiple (5-7) optical sections spanning 10 -30 m in the Z-dimension to accommodate focus drift and to ensure that small structures spanning multiple confocal planes were fully captured. In most cases, stacks of images were collected at 5 min intervals. In a few experiments, individual confocal images were collected at 30 sec or 1 min intervals. All images were stored digitally using a network file server, and image stacks were later recombined using a maximum-brightness operation to produce extended focus images.
Time-lapse imaging of live, fluorescently labeled cells can produce phototoxic effects in the imaged cells. Indeed, when well stained cells were imaged with very high incident illumination intensity, or imaged too frequently, we invariably saw changes in the structure and dynamics of dendritic branches and spines: dendrite shafts developed irregular varicosities, branch points became triangulated, and both branches and spiny structures consistently retracted (shortened or disappeared) within a period of 1-2 hr. However, when the incident illumination was sufficiently attenuated (typically Ͻ600 J/section over a 225 m ϫ 168 m specimen field), labeled specimens could be imaged (1-5 min intervals) for many hours without signs of photodynamic damage. Several lines of evidence indicate that the labeling and imaging procedures we used did not have detrimental consequences on cell structure and dynamics: (1) the structure of dendritic branches and spines on live, vitally stained cells was essentially identical to that of cells in age-matched slices fixed before labeling and imaging (compare Figs. 1 and 5); (2) the structure of spiny protrusions on live cells was very similar at the beginning and end of time-lapse imaging sessions (see Fig. 6 ); and (3) the dynamic behavior of dendrites remained relatively constant over the period of time-lapse imaging: spine formation and resorption were evident throughout the time-lapse sequences, and some spines became more stable while others became more active along the same dendrite segment.
Quantitation of the lengths and lifetimes of spiny protrusions
Lengths. All clearly evident dendritic protrusions greater than 0.5 m and less than 10 m in length were classified as "spiny protrusions" and were included in these analyses. (On live cells, discrimination of protrusions shorter than ϳ0.7 m was not reliable.) The lengths (base to tip) of spiny protrusions were estimated from two-dimensional projections of threedimensional image stacks (i.e., from extended-focus images) to ensure that the full lengths were captured. For quantitative analysis, the original digitized images (single pixel dimension ϭ ϳ0.3 m in the specimen plane) were electronically zoomed an additional twofold. Measurements were made using custom-designed software using a mouse-controlled cursor.
Lifetimes. Lifetimes of spiny protrusions were estimated from timelapse movies by determining the number of time points in which a given structure was evident, then multiplying that number by the time interval. For structures present at the beginning and/or end of the sequence, only a lower limit of lifetime could be determined. At later developmental stages, most spiny protrusions were evident for the entire observation period (3-22 hr) . However, our quantitative analyses were limited by the length of time we could continuously observe any one dendrite segment, which varied from experiment to experiment. Consequently, to compare systematically the lifetime of spines between imaging sequences of different durations, it was necessary to truncate spine lifetimes that were longer than the shortest time-lapse sequence (e.g., 100 min for 
RESULTS
Observations in fixed tissue slices
To obtain normative data free from possible biases of vital imaging techniques, the structure of pyramidal cell dendrites in tissue slices cultured for up to 14 d before fixation was visualized by post-fixation labeling with the fluorescent membrane dye DiI (Honig and Hume, 1986) . Through-focus analysis with a confocal microscope indicated that, by 2 weeks in vitro, pyramidal cells had developed a complex, three-dimensional morphology with many oblique dendritic branches extending from the primary apical and basal processes ( Fig. 1) . At higher magnification, it was evident that dendritic branches were studded with numerous spine-like protrusions of varying shape and size (0.5-3 m long). The morphological features of these spiny structures are essentially identical to those previously identified as sites of synaptic contact on hippocampal pyramidal cells both in vivo (Westrum and Blackstad, 1962; Harris et al., 1989) and in in vitro tissue slices (Deitch et al., 1991; Stoppini et al., 1991; Buchs et al., 1993; Pozzo Miller et al., 1993) . Thus, within a 2 week period of time, dendrites of pyramidal cells in in vitro tissue slices acquire many structural features characteristic of their age-matched counterparts in vivo, including complex dendritic arbors and numerous postsynaptic spines.
Time-lapse imaging in live tissue slices
To examine directly the dynamics of dendrite structure during neuronal differentiation and synaptogenesis, neurons in tissue slices were labeled in the living state with a fluorescent membrane dye (DiI or DiD), then imaged over time with the confocal microscope. To study the development of single cells and subcellular structures, individual tissue slices were maintained on the microscope stage and imaged at intervals of 1-10 min for several hours. To test for stage-dependent variations in dendrite dynamics spanning a longer developmental period, we examined different slices cultured for progressively longer times (up to 2 weeks). The present time-lapse observations are based on imaging of 60 cells in 33 slices.
First days in culture
At early time points (1-2 d) in culture, dendrite branches were often tipped with growth cone-like structures ( Fig. 2A) , suggesting active dendrite growth. Indeed, direct time-lapse imaging revealed that the dendritic arbor was highly dynamic. Branches of both apical and basal dendrites elongated within the tissue by advance of the leading growth cone, which involved cyclical protrusion and retraction of filopodia and lamellae. Growing dendritic branches extended within the tissue at a rate of 18.4 Ϯ 10.5 m/hr (mean Ϯ SD, n ϭ 12), which is comparable with the rate of axonal extension observed in these tissue slices (Dailey et al., 1994) . Surprisingly, even as some dendritic branches elongated, other branches retracted (16.2 Ϯ 6.6 m/hr, n ϭ 5) and were sometimes fully resorbed into the parent dendrite trunk.
Motile protrusions were not confined to the tips of growing branches: lateral filopodia and growth cone-like sprouts were commonly seen along developing dendrite shafts. Most of the filopodial protrusions (up to 10 m long) extended (maximal rate: ϳ2.5 m/min) from dendrite shafts, then retracted back to the shaft within 30 min or less (median lifetime, 10 min) (Fig. 2B,C ). Filopodia emerged from many different sites along the longitudinal extent of the apical and basal dendrites, although "hot spots" of filopodial protrusion were occasionally seen where filopodia repeatedly emerged and retracted from a localized site. Sometimes these hot spots of protrusive activity moved rapidly (114 Ϯ 44 m/hr, n ϭ 4) toward the growing tip of the dendrite branch, giving the appearance of waves of activity that covered distances of 100 m or more. After reaching the tip, the waves appeared to fuel rapid growth of the branch for several minutes (see Ruthel and Banker, 1992) . The frequency of filopodial protrusions from the dendrite surface was highly variable from cell to cell and from branch to branch: we saw as many as 36 protrusions along a 50 m dendrite segment within a 3 hr period of time. However, because the filopodial lifetimes were short and our sampling rate was relatively low (once every 5 min), the actual number of protrusive events is likely to be substantially higher.
Growth cone-like sprouts were also observed to emerge de novo from proximal regions of dendrite shafts. Formation of growth cone sprouts typically involved transformation from a single lateral filopodium (Fig. 2D) . Although many of these sprouts were resorbed within a few minutes, others continued extending and generated new collateral branches (Fig. 2E) . Thus, a common sequence of events leading to collateral branch formation included: first, emergence of a single filopodium; then, conversion of that filopodium into a collateral growth cone; and finally, advance of the growth cone and consolidation of the new outgrowth to form a cylindrical dendrite branch.
These observations indicate that the developing dendritic arbor is highly dynamic, and that some of the lateral dendritic filopodia Emerging from the cell soma (arrow) are several basal dendrites and a thick apical dendrite with several oblique secondary branches (arrowheads). B, Highermagnification view of distal apical dendrites within the stratum radiatum showing secondary branches. Although their full extent is not evident in this single confocal image plane, these branches course throughout the thickness of the tissue slice. C, Dendritic branches are studded with numerous spine-like projections (arrowheads), 1-3 m in length, presumed to be sites of synaptic contact. These features are characteristic of pyramidal neurons in vivo.
and growth cones are precursors to new dendrite branches. However, most lateral dendritic filopodia extend transiently and are fully resorbed within a few minutes. We found little change in the dynamic properties of dendrites in slices prepared from animals during the first postnatal week: over the first few days in culture, slices from P2-P7 animals were all dominated by highly dynamic, transient filopodia.
One week in culture
When slices of developing hippocampus (derived from P5-P7 animals) were cultured for several more days (i.e., 6 -8 d total) to allow synaptogenesis and dendritic differentiation to proceed in vitro (Gäh-wiler, 1984; Buchs et al., 1989; Muller et al., 1993) , dendritic arbors were found to have increased in complexity (Fig. 3A) . Many more oblique branches had extended from primary dendrite trunks. In addition, dendrite branches bore numerous spiny protrusions (1.8 Ϯ 0.9 m) having simple filiform or complex shapes (Fig. 3B) . Some of these lateral "spine-like" protrusions had short (ϳ1 m) stalks and knobby heads, features that are characteristic of postsynaptic spines on mature dendrites (Harris et al., 1992; Papa et al., 1995; Trommald et al., 1995) .
Time-lapse imaging revealed that both filopodia-and spine-like protrusions on dendrites were structurally very dynamic at 1 week in vitro) . A, Low-magnification image of DiI-labeled CA1 pyramidal neuron somata (P) and dendrites (arrows) in a live tissue slice taken from a P2 animal. This is an extended-focus image made by combining a stack of five optical sections spanning 15 m in the Z-dimension. At early developmental stages, dendrites are often tipped by complex growth cones (arrowhead). SR, Stratum radiatum; SP, stratum pyramidale. B, Through-focus sequence of boxed region in A showing a segment of an apical dendrite shaft (arrow) having fine, lateral filopodial protrusions (arrowhead). For time-lapse imaging, multiple optical sections were collected to ensure that small dendritic protrusions were captured in their entirety. C, Time-lapse sequence of the same field as in B showing that numerous lateral filopodia (arrowheads) extend from, and retract back to, the dendrite shaft. Most filopodia are resorbed within a few minutes after first appearing. These images are composites of two or three optical sections from the middle of a five-image stack (shown in B). D, Persisting lateral filopodia sometimes evolve into growth cones. Time-lapse sequence shows a lateral filopodium (arrowheads) sprouting from an apical dendrite shaft (0 -30 min), persisting for more than an hour (30 -90 min), then rapidly developing into a complex, growth cone-like structure (arrow; 90 -100 min). E, De novo sprouting of a growth cone leading to formation of a collateral dendrite branch. A faint, filopodial structure is seen first (40 min), then a growth cone develops (60 -80 min) and spins out a new branch that persisted and grew to a length of at least 35 m (120 min). For C-E, elapsed time is shown in minutes. in vitro. Filopodial protrusions (without knobby heads) often exhibited rounds of rapid extension and retraction (Fig. 3C) . The spine-like protrusions (with heads) generally persisted for longer periods of time and were more stable in length than filopodia (Fig.  3C ), although some spines elongated and retracted, and spine heads were observed to change shape from minute to minute (Fig.  3D) . A few spines showed no detectable change in length or shape over a several hour period of observation. Thus, with regard to both morphology and structural dynamics, there was a heterogeneous population of spiny structures on developing dendrites at this stage.
To assess better the long-term stability and dynamics of the various spiny protrusions, we collected confocal images of single dendrite branches for lengthy periods of time (up to 22 hr). In contrast to earlier time points in vitro, many of the spiny protrusions at this stage were not transient but instead persisted for long periods of time. The time-lapse observations also revealed a variety of dynamic behaviors on individual dendrite branches (Fig. 4A,B) , including: (1) de novo formation of spiny structures (Fig. 4B3,C3) ; (2) resorption of some spiny structures; (3) persistence of some spiny structures in a dynamic state (Fig. 4A2,C2) ; and (4) conversion of some dynamic spiny structures to a more stable state (Fig. 4C1,C3) . Analysis of the length of individual spiny protrusions over time revealed that many of the persisting structures had a dynamic distal segment that protruded rapidly (up to 35 m/hr) and cyclically from a relatively stable, proximal stump (0.5-4 m) (Fig. 4C) . The apparent length of the short persisting stump also changed somewhat over time, but at a much slower rate (generally Ͻ1 m/hr). These observations are in contrast to earlier developmental time points at which transient filopodia appeared to protrude directly from, and to be fully resorbed back to, the surface of the dendrite shaft.
Two weeks in culture
When tissue slices were cultured for ϳ2 weeks (12-14 d) before observation, dendrites had very elaborate arbors that were more uniformly covered with short (0.5-2 m), spiny protrusions (Fig.  5A,B) . Time-lapse observations revealed that the structure of these well differentiated dendrites was more stable than at earlier times in vitro. We observed neither substantial elongation or retraction of existing branches, nor formation of new branches. Moreover, many of the spine-like protrusions persisted for the entire observation period and did not exhibit detectable changes in shape or length (Fig. 5D) . Nevertheless, we occasionally observed filopodia-like protrusions transiently extending to a length of 2-3 m before retracting (Fig. 5C) , and some spines rapidly emerged de novo (Fig. 5D ) while others appeared to be entirely resorbed. These observations indicate that some stable spines can form on more mature dendrites in the absence of dynamic filopodial and protospine precursors, and that even at the latest stage examined (2 weeks in vitro) there is turnover of some spine-like protrusions.
Quantitative analysis of spine structure and dynamics
Spines on live versus fixed dendrites
The structure of spiny protrusions on dendrites in the live, 2-week-old tissue slices looked very similar to those previously observed in fixed (nonimaged), age-matched slice cultures (compare Figs. 1 and 5) . To assess and compare spine structure in the living and fixed states quantitatively, we measured the length of all spiny protrusions on dendrites in fixed tissue and at two time points in live tissue slices (both before and after time-lapse imaging). Although the distribution of spine lengths for live and fixed dendrites was quite similar (Fig. 6) , statistical analysis revealed a significant difference (p ϭ 0.017; Mann-Whitney rank sum test) between these groups when the minimum threshold length for spine detection was set at 0.5 m. The mean length of spines on live dendrites (before imaging) was 1.30 Ϯ 0.41 m (mean Ϯ SD; n ϭ 98), and for spines on fixed cells, 1.18 Ϯ 0.40 m (n ϭ 99). This difference was attributable to the greater number of spines scored in the 0.5-0.7 m range on fixed cells compared with live cells. The apparent increase in the frequency of the shortest spines (0.5-0.7 m) on fixed dendrites could be attributable to tissue shrinkage associated with fixation (Deutsch and Hillman, 1977) , or to the different imaging conditions. Our ability to reliably detect the shortest spines was dependent in part on the intensity of the illuminating laser light (i.e., higher laser intensity increases the signal-to-noise ratio and improves spatial resolution). Because we used a lower intensity on the live cells to minimize phototoxic effects, we were not able to resolve clearly the shortest spines on live cells as well as we could on fixed cells. It is likely, then, that we could not detect reliably some of the shortest spines (Ͻ0.7 m) on the live dendrites under the imaging conditions we used. Indeed, when the minimum spine length threshold was set to a more conservative value (0.7 m), there was no statistical difference between spine lengths on the live and fixed cells (p ϭ 0.091).
Before and after imaging
We also compared spine lengths on individual live dendrites before and after time-lapse imaging sessions (see Fig. 6 ). The lengths of spines after a standard 3 hr imaging session (mean spine length, 1.30 Ϯ 0.47 m; n ϭ 95) were found to be not statistically different (p ϭ 0.598) from that at the beginning of the imaging session. This supports the idea that the labeling and time-lapse imaging procedures we used did not have detrimental effects on dendrite structure in the live brain slices.
Developmental differences in spine dynamics
Our time-lapse observations on dendrites at different developmental times suggested stage-dependent differences in the dynamic properties of spiny structures. To more systematically assess and compare the dynamics of spiny protrusions, the lengths of individual spiny structures were determined and plotted for every time point during the first 3 hr of observation on cells cultured for 1, 7, and 12 d. These plots clearly demonstrated the various motile behaviors of spiny structures, including transient protrusion, resorption, de novo formation, and stable persistence (Fig. 7) . They also illustrated that transient spiny protrusions were found at all developmental stages examined, and that persisting spiny structures were significantly more dynamic at 7 versus 12 d in vitro. In particular, at 7 d in vitro many spiny structures made transient length changes (compare Fig. 4 ), whereas at 12 d in vitro persisting spines generally lacked such length changes. These observations thus reveal a transient developmental period in which individual spiny structures embody features characteristic of both fleeting filopodia and stable spines.
Although a variety of protrusive structures was evident at the various developmental stages we examined, the persisting (Ͼ30 min) spiny structures appeared to predominate at later stages. Indeed, analysis of the lifetimes of spiny protrusions revealed that the fraction of persisting protrusions progressively increased over time in vitro (Fig. 8) . On the first day in vitro, most (94%) of the spiny protrusions had a lifetime of Ͻ100 min. However, by 12 d in vitro, 81% of the spiny protrusions persisted for longer than 100 min, and over half (64%) persisted for 3 hr or more. Thus, as dendritic arbors matured and synaptic connections were established, spiny dendritic protrusions became progressively more stable.
DISCUSSION
The present observations revealed a high level of structural dynamics of dendrites during development, including both active growth and dynamic turnover (resorption) of dendritic branches and spiny protrusions. A striking feature of developing dendrites was the high level of protrusive activity along proximal dendrite shafts. Many lateral dendritic growth cones and filopodia were transitory, whereas others were precursors to more stable dendritic branches and spine-like projections. This suggests that much of dendritic structure (i.e., branches and spines) in developing CNS tissue is generated by the selective stabilization of highly motile protrusive structures.
Dynamics of spine formation
Our time-lapse observations revealed several features of spine formation and dynamics that could not be determined from static images of dendrite structure, including: (1) the highly dynamic nature (i.e., rapid appearance and disappearance) of filopodial protrusions on developing dendrites in CNS tissue; (2) a transitional developmental phase involving conversion of dynamic filopodia to more stable, spine-like protrusions; and (3) turnover (addition and resorption) of some spine-like protrusions on more fully differentiated dendrite branches.
Time-lapse analysis revealed a heterogeneous population of spiny dendritic protrusions with regard to structural dynamics. Based on their dynamic properties, we propose a threefold clas- Figure 5 . Dynamics of spine-like protrusions on well developed pyramidal cell dendrites (12 d in vitro) . A, Single-focal-plane view of a CA1 neuron showing the characteristic pyramidal shape with a primary apical dendrite (arrow). The tissue was prepared from a P6 animal and cultured for 12 d. B, Higher-magnification, extended-focus view (combining 6 optical sections spanning 30 m) of the distal portion of the apical dendrites. Note the complexity of the dendritic arbor and spiny appearance of the oblique dendrite branches (arrows). C, Time-lapse sequence of a region (top box) in B showing both stable, spine-like structures and transient filopodial extensions. A short, knobby spine-like protrusion (arrowhead 1) persists with little change in length or shape. Directly adjacent to this spine, a filopodia-like protrusion (arrowhead 2) extends transiently from the dendrite shaft. Time is shown in minutes. D, Time-lapse sequence of a region (lower box) in B showing rapid formation of a knobby, spine-like protrusion (arrowhead 5). The new spine forms and persists adjacent to an existing spine (arrowhead 4). Note also another spine (arrowhead 3) that persists for the entire observation period but does not change shape or length significantly. Scale bar in C also applies to D. The plots of length versus time for spiny protrusions 1, 2, and 5 correspond to traces 12, 9, and 11, respectively, in Figure 7 . sification of spiny dendritic protrusions: (1) transient filopodia that show rapid changes in length and shape but are short-lived (generally Ͻ0.5 hr); (2) metastable protospines that persist for longer periods of time (0.5 to Ͼ22 hr) but remain structurally dynamic; and (3) stable spines that have a low rate of turnover and show relatively little change in structure. Fine spiny protrusions from each of the different classes can coexist on single dendrite branches, but there is a clear developmental progression. At early stages of differentiation, dendrites predominately bear the filopodia, whereas the mature dendrites are dominated by spines. The protospines appear at an intermediate stage and are transient developmental structures that share properties of both the filopodia and spines: they persist like the spines but also show rapid changes in length like the filopodia.
The three spiny populations may represent separate structures that are ontogenetically unrelated. Alternatively, dynamic structures may evolve into progressively more stable structures. This latter idea is consistent with the transient appearance of protospines, which share features of both the filopodia and spines, at an intermediate developmental stage preceded by a filopodiadominated stage and followed by a spine-dominated stage. Moreover, our time-lapse observations revealed that individual spiny structures can make transitions from a relatively dynamic state to a more stable configuration (compare Fig. 4C ). However, in our older cultures we also observed rapid appearance of stable spines without dynamic filopodia or protospines immediately preceding the spines (e.g., Fig. 5D ). Thus, stable spines may emerge on developing dendrites via two different mechanisms: (1) conversion from more dynamic spiny structures, and (2) rapid and de novo extension of a stable spine directly from dendrite shafts.
The stability of spiny protrusions on well differentiated dendrites in our older slice cultures is consistent with previous timelapse observations of more mature dendrites in acutely isolated hippocampal tissue (Hosokawa et al., 1992 (Hosokawa et al., , 1994 . In slices prepared from 3-week-old animals, spiny structures likely to be postsynaptic elements often persisted for Ͼ5 hr, although a small proportion of spines appeared or disappeared over the course of the 5 hr observations (Hosokawa et al., 1992) . The present observations extend the lower limit of spine lifetime to at least 22 hr, and additionally indicate that long-lived spines can rapidly (Ͻ5 min) appear and disappear, and reversibly change shape, at least during developmental periods.
The morphological characteristics of the stable spiny protrusions we observed (i.e., the protospines and spines) are very similar to spine-like protrusions observed on mature pyramidal cell dendrites from fixed hippocampal tissue (Harris et al., 1989 (Harris et al., , 1992 Trommald et al., 1995) . Previous ultrastructural studies have shown that such spine-like protrusions, both in vivo and in in vitro tissue slices, are virtually always postsynaptic elements (Westrum and Blackstad, 1962; Gottlieb and Cowan, 1972; Harris et al., 1989 Harris et al., , 1992 Deitch et al., 1991; Stoppini et al., 1991; Buchs et al., 1993; Pozzo Miller et al., 1993) . Indeed, the time course of emergence of stable spines in our slices is consistent with the known course of synapse formation and accumulation on dendritic spines in comparable slice cultures (LeVail and Wolf, 1973; Gähwiler, 1984; Dailey et al., 1994; Buchs et al., 1993; . In stratum radiatum of area CA1, there is a 15-fold increase in the density of synapses over the first 2 weeks in culture, and virtually all of the new synapses that appear are located on synaptic spines . Taken together, these observations strongly suggest that the stable spiny protrusions we observed are sites of synaptic contact. However, in the future it will be important to develop methods to determine definitively which of the dynamic or stable dendritic protrusions described here correspond to, or evolve into, actual postsynaptic spines bearing synaptic contacts.
Possible relation of dendritic growth and protrusion to synapse formation
If, as we suspect, many or all of the stable spiny structures bear synaptic contacts, our observations would be consistent with either of two scenarios of synaptogenesis: (1) synapses are first formed on dendrite shafts, then emerge with spines as they extend from dendrite shafts; or (2) synapses are first formed on protruding filopodia that then retract back to the dendrite or transform into stable, synapse-bearing spines. If synaptogenic contacts are in fact made by protrusive dendritic filopodia, the active resorption of some of these protrusions during early stages of differentiation may serve to draw nascent synaptic contacts onto dendritic shafts (Povlishock, 1974; Ulfhake and Cullheim, 1988; Saito et al., 1992) . vitro) . The lengths of all spiny protrusions on dendrites in a live slice were determined at the beginning (PRE-TIME LAPSE) and end (POST-TIME LAPSE) of a standard 3 hr time-lapse imaging sequence (experiment shown in Fig. 5 ). There was no significant difference in the mean length or length distribution of spines before or after the imaging session, indicating that the time-lapse imaging did not induce changes in spine structure. Also, the mean length of spines on live cells was very similar to the distribution of spine lengths on dendrites in comparable slices fixed before labeling and imaging (FIXED). See Results for more details.
Alternatively, those filopodia that do not synaptogenically engage axons may be resorbed, whereas those that synaptogenically interact with axons may be stabilized and remain extended.
The different classes of spiny protrusions thus may represent progressive stages in synaptogenesis. We propose the following model of synapse formation: (1) protrusive filopodia make the initial synaptogenic interactions with axons; (2) filopodia with nascent synaptic contacts may be drawn back to the dendrite shaft, or may be converted to metastable protospines that could hold developing synapses off the dendrite shafts in a structurally and functionally plastic configuration; and (3) relatively stable spine synapses appear as shaft synapses reemerge with stable spines, or by conversion (further stabilization) of protospines bearing physiologically validated synapses. This model does not exclude the possibility that stable spines (with synapses) may emerge from shafts by mechanisms unrelated to dynamic filopodia and protospines (Juraska and Fifkova, 1979; Miller and Peters, 1981; Steward et al., 1988; Harris et al., 1989) , especially at later developmental stages (Papa et al., 1995) . However, during peak periods of axonal ingrowth and synaptogenesis, dendritic filopodia may serve to enhance the ability of target cells to attract and compete for axonal inputs (Cooper and Smith, 1992) .
The idea that dendritic filopodia may be specialized sites of synaptogenic interaction with axons has a long history (see Vaughn, 1989) . Dendritic filopodia are known to be abundant during periods of synaptogenesis (Morest, 1969a,b; Minkwitz and Holz, 1975; Berry and Bradley, 1976a,b; Minkwitz, 1976; Miller and Peters, 1981; Phelps et al., 1983; Ramoa et al., 1987; Ulfhake and Cullheim, 1988) , and they are often found by electron microscopy to be postsynaptic elements (Hinds and Hinds, 1972; Hayes and Roberts, 1973; Skoff and Hamburger, 1974; Vaughn et al., 1974; Pappas et al., 1975; Saito et al., 1992) . Moreover, time-lapse studies indicate that filopodial interactions precede formation of stable contacts between neuronal processes (O'Connor et al., 1990; Baird et al., 1992; Cooper and Smith, 1992) . Together, these observations suggest that synaptic contacts are initiated at actively growing regions on target cells. This idea is consistent with a synaptogenic filopodial theory (Vaughn et al., 1974; Berry and Bradley, 1976a,b; Vaughn, 1989) , which posits that synaptic contacts between neurons in the CNS are initiated predominantly between filopodia on the growing distal tips of axonal and dendritic branches. However, in many CNS regions including the hippocampus, the spatiotemporal pattern of afferent axon ingrowth and dendrogenesis has seemed incompatible with such an interaction between distal tips (Andersen, 1979) : later generated afferents often contact progressively more proximal dendrite segments on target cells (Bayer, 1980; Bayer and Altman, 1987) . Our observations may resolve this apparent difficulty, because they indicate that even proximal dendritic segments can exhibit abundant outgrowth of lateral growth cones and filopodia during synaptogenic periods.
The abundance of dendritic protrusive motions observed in our studies supports the hypothesis (Saito et al., 1992 ) that dendrites are active partners in the initiation of synaptogenic cell-cell contacts, not merely passive targets for axonal exploration. The relatively short lifetimes (ϳ10 min) of most of the filopodia at early stages in development also suggest that any single image (e.g., from a fixed tissue specimen) would drasti- (1, 2, 4, 5, 9) , resorption of preexisting structures (6, 10), de novo formation and persistence (3, 7, 11) , and persistence of preexisting structures (8, 12) . Transient filopodia-like protrusions (1, 2, 5, 9) were observed at all times in vitro but were most prominent at early stages (i.e., 1 d in vitro). At 7 d in vitro, persisting spiny protrusions often showed transient length excursions (arrows) from short, stable bases (arrowheads) (compare trace 8 and Fig. 4C ). Most persisting spines at 12 d in vitro showed little change in length (e.g., trace 12), although there was some turnover of spines (e.g., traces 10, 11). (Note different time base of Figs. 4C and 7.) cally under-represent the total number of filopodial eruptions that would occur during a typical developmental synaptogenesis period extending over several days. This consideration might reconcile the relatively small number of filopodia classically observed on a given, fixed dendrite (e.g., Morest, 1969a,b) with a much larger number of synapses eventually formed per dendrite. This reconciliation, in turn, permits a hypothesis that dendritic filopodia might actually be involved in establishing all axo-dendritic synaptic contacts. In the future, it will be important to learn much more about how the motility of the developing dendrite is generated and regulated, and how protrusive motility relates to the array of dendritic surface molecules necessary to permit the recognition of appropriate axonal partners and the initiation of synaptogenesis. All spiny structures observed during the first 3 hr of imaging were classified as TRANSIENT (came and went during the 3 hr observation period), DISAPPEARED (evident at the beginning but were resorbed during the 3 hr observation), APPEARED (formed de novo and persisted), or STABLE (evident throughout the 3 hr observation period). Note that a greater fraction of spines were stable on more mature (i.e., 12 d in vitro) dendrites, but there remained a low level of spine turnover.
